A range of thermal pretreatment conditions were used to evaluate the impact of high pressure thermal hydrolysis on the biodegradability of waste activated sludge (WAS) under aerobic and anaerobic conditions. It was found that pretreatment did not increase the overall extent to which WAS could be aerobically biodegraded. Thermal pretreatment transformed the biodegradable fraction of WAS (X H ) to readily biodegradable chemical oxygen demand (COD) (S B ) (16.5-34.6%) and slowly biodegradable COD (X B ) (45.8-63.6%). The impact of pretreatment temperature and duration on WAS COD fractionation did not follow a consistent pattern as changes in COD solubilization did not correspond to the observed generation of S B through pretreatment. The pretreated WAS (PWAS) COD fractionations determined from aerobic respirometry were employed in anaerobic modeling and it was concluded that the aerobic and anaerobic biodegradability of PWAS differed. It was found that thermal pretreatment resulted in as much as 50% of the endogenous decay products becoming biodegradable in anaerobic digestion.
INTRODUCTION
Sludge processing and disposal are significant operating costs for wastewater treatment plants (WWTP). They can range from 20% to 65% of the total operating costs for the entire WWTP (Foladori et al. ; Aboulfotoh & Monayeri ) . The cost of sludge disposal is expected to continue to rise due to increases in sludge production and development of more stringent regulatory limits for sludge disposal alternatives. There are various digestion pretreatment technologies that can improve sludge processing sustainability. Thermal hydrolysis systems have been the most extensively reported and a number of such systems are commercially available, including CAMBI TM (Kepp et have evaluated pretreatment temperatures that ranged from 120 C to 180 C with durations ranging from 0 to 60 min. However, it has been found to be difficult to directly compare the results between studies as some did not characterize the sludge being pretreated while the sludge source and experimental conditions were often different between studies.
The solubilization of chemical oxygen demand (COD) is one of the most common indicators employed in assessing the impacts of high pressure thermal hydrolysis (HPTH) pretreatment on waste activated sludge (WAS). Previous studies have found that HPTH pretreatment substantially solubilized COD (Barber ). Xue et al. () evaluated temperatures from 120 C to 180 C with a duration of 60 min while Sapkaite et al. () studied the same temperature range with durations of 5, 30, and 50 min. These studies showed that increasing the pretreatment temperature increased the degree of COD solubilization. Comparatively, the effects of varying pretreatment duration were inconclusive.
Another common indicator of HPTH pretreatment performance is improvement in biogas/methane yield during anaerobic digestion of WAS (Barber ). Sapkaite et al. () digested WAS samples for 50 days after they had been pretreated at conditions that spanned from 130 C to 180 for 5 to 50 min. The corresponding increases in methane yield ranged from 30% to 63%. In previous studies (Li & Noike ; Bougrier et al. ) , the duration of the digestion periods employed were typically less than 30 days. When viewed collectively, previous studies have shown an increase in the anaerobic biodegradability of WAS with HPTH pretreatment; however, a common basis for predicting these increases is lacking.
Models can play an important role in supporting the application of technologies such as thermal pretreatment and anaerobic digestion if the processes involved in these systems can be accurately represented. Burger & Parker () conducted preliminary work on this topic by characterizing WAS before and after thermal pretreatment in terms of aerobically biodegradable COD fractions. A stoichiometric COD pretreatment model was developed to describe the impacts of thermal pretreatment for one pretreatment condition and using aerobic digestion to characterize the biodegradable fractions. There is, however, a need to extend the range of thermal pretreatment conditions to span the range of conditions employed in practice. In addition, the model needs to be examined with respect to its ability to predict anaerobic digestion responses to pretreatment.
This study aimed to extend the work performed by Burger & Parker () by assessing the impacts of HPTH pretreatment at various HPTH conditions (temperaturetime) on both aerobic and anaerobic biodegradability of WAS. This was achieved by fractionating the COD of raw and pretreated WAS for several HPTH pretreatment conditions to evaluate how pretreatment temperature and heating time affects WAS composition.
MATERIALS AND METHODS

Experimental setup and operation overview
The experimental setup used in this study was previously employed by Burger & Parker () to evaluate a thermal hydrolysis pretreatment condition of 150 C for 30 min. A bench-scale bioreactor (BR) that was operated as a sequencing batch reactor (hydraulic retention time (HRT) of 2 days, solids retention time (SRT) of 5 days, and fed once daily) and thermal hydrolysis reactor were used to generate raw WAS from a synthetic wastewater and pretreated WAS (PWAS), respectively, and the PWAS was then aerobically digested in a bench-scale aerobic digester with an SRT of 5 days. In the current study, a range of pretreatment conditions with temperatures and durations ranging between 125 C and 175 C for 10-50 min, respectively, were evaluated. In addition, the impacts of pretreatment on the anaerobic digestion of PWAS were investigated.
All experimental data employed in this study were collected following the approaches described by Burger & Parker () and Kianmehr et al. () . Figure 1 provides an overview of the various stages of the experimental studies conducted to address the objectives of the project. The analysis of sludge quality parameters (COD, nitrogen species) followed standard methods (Eaton et al. ) ). Soluble COD fractions were obtained after samples were filtered through 1.5 μm glass fiber filters.
Respirometry of various samples generated in the reactors was conducted using a Challenge Technology© AER-208 Respirometer. Total and filtered (1.5 μm glass fiber filters) samples of either WAS or PWAS that were inoculated with aerobically digested WAS (AD WAS) were tested. In addition, the AD WAS alone was evaluated with respirometry to characterize the contribution of the inocula to oxygen uptake in the inoculated tests. The oxygen uptake rate (OUR) curves derived from these tests were used to determine the extent of aerobic biodegradability and the fractionation of readily and slowly biodegradable COD in the PWAS.
WAS and PWAS samples were evaluated in biochemical methane potential (BMP) tests to determine the rate and extent of anaerobic biodegradability of the WAS before and after pretreatment. For this portion of the study, PWAS samples that were generated at the three temperatures and with durations of 30 and 50 min were evaluated. In addition, tests with inocula-only were evaluated to assess the inocula contribution to biogas production in the test bottles. Inocula was obtained from the primary anaerobic digester operated at the Waterloo municipal wastewater treatment plant, which receives a blend of primary and secondary sludges. Each substrate was tested in duplicate to assess reproducibility. The volume of generated gas and associated methane fraction was measured regularly over the digestion period of approximately 50 days.
RESULTS/ANALYSIS
WAS was generated in a laboratory-scale bioreactor from synthetic wastewater in this study to ensure a consistent input to sludge pretreatment and subsequent sludge digestion testing. This also generated WAS that was simpler in composition than authentic WAS streams, which contain volatile suspended solids (VSS) originating in the raw wastewater. This approach simplified data analysis and allowed for the response of specific COD fractions through pretreatment to be assessed. Table 1 presents a summary of the generated raw WAS characteristics.
From Table 1 it can be seen that the raw WAS generated had a total COD concentration of 4,587 ± 401 mg/L, while the soluble COD concentration was 87 ± 9 mg/L. Hence, the WAS was dominated by particulate COD and it was the response of the particulate fractions through pretreatment that was the focus of this study. The relatively high volatile solids/total solids (VS/TS) ratio of the WAS (Table 1) reflected the fact that the biomass was grown on synthetic wastewater that had negligible fixed suspended solids.
The COD of both raw and pretreated WAS streams was analyzed to facilitate characterization of the impacts of thermal pretreatment on COD fractions. A comparison of TCOD concentrations before and after pretreatment found them to be within the typical measurement error of 10% associated with COD measurements, and hence COD was not significantly removed in pretreatment. This corroborated findings from others ( The solubilization of COD is commonly employed as an indicator of an increase in biodegradability of WAS through HPTH (Equation (1)) (Bougrier et al. ) . Figure 2 summarizes the COD solubilization values that were calculated for all pretreatment conditions and it can be seen that substantial solublization (30-55%) was observed in the study. Figure 2 illustrates that increasing the temperature generally resulted in an increase in the extent of COD solubilization. However, by contrast, the impact of pretreatment duration on solubilization was not consistent for the different temperatures. For WAS pretreated at 125 C, increasing the duration from 10 to 30 min substantially increased COD solubilization; however, further increasing it to 50 min did not significantly increase COD solubilization. Conversely, for WAS pretreated at 150 C, increasing the duration from 10 to 30 min had minimal impact on COD solubilization. When the duration was increased to 50 min, the COD solubilization increased. An analysis of variance of the data revealed that both temperature and time were significant factors and that temperature was more significant when compared to duration.
where sCOD PT was the filtered COD measured in pretreated WAS; sCOD BR was the filtered COD measured in raw WAS; and pCOD BR was the particulate COD measured in raw WAS.
The solubilization results obtained in this study were consistent with prior reports (Valo et with pretreatment duration in the current study reflect the combination of the smaller impacts of duration on solublization and the uncertainty associated with sampling and analysis of the batch pretreatment process. The response of organic nitrogen (ON) to pretreatment was employed as an additional indicator of organic matter solubilization by pretreatment. The ratio of soluble to total ON in the PWAS samples showed that the solubilization of ON increased with pretreatment duration and temperature. The increases in ON soluble ratio were 10% (125 C), 14% (150 C), and 23% (175 C) when the duration was increased from 10 to 50 min. Comparatively, the increases in the ON soluble ratio were 36% (10 min), 52% (30 min), and 49% (50 min) when the temperature was increased from 125 C to 175 C. The increase in ON solubilization of WAS pretreated at 175 C exceeded the increase in SCOD under these conditions. The results suggest that at elevated temperatures (>175 C), proteins are more preferentially solubilized, thus yielding a higher ON solubilization ratio. Bougrier et al. () observed that carbohydrates were easily hydrolyzed compared to proteins for pretreatment temperatures up to 150 C, but for higher temperatures, protein solubilization was greater.
Respirometry data were employed to evaluate the aerobic biodegradability of WAS and PWAS samples and thereby assess whether pretreatment changed the extent to which WAS could be aerobically biodegraded. The OUR responses (OU T ) were attributed to oxygen uptake from consumption of substrate (OU S ) and biomass endogenous decay (OU E ). The areas under the OUR curves were initially integrated to obtain the total oxygen uptake (OU T ) for a test. The value of OU E was estimated by initially determining the active biomass concentration in the test and then calculating the oxygen uptake associated with its decay. A nonlinear regression of Equation (2) to the tail end of the OUR response was employed to estimate the active biomass concentration (X H ). Then using the average active biomass concentration from all tests with similar substrates, the oxygen uptake associated with endogenous decay (OU E ) was calculated based on Equation (2) (Jones et al. ) . The value of OU S was then determined as the difference between the OU T and OU E values. The aerobic biodegradability of the WAS/PWAS sample was then estimated by dividing the OU S value by the TCOD concentration of the sample added to the respirometry test.
OUR is the measured oxygen uptake rate (mg O 2 /L/h), f is the endogenous decay product fraction of organisms (0.2), b h is the endogenous decay rate constant of biomass, Z bh is the concentration of active biomass (mg COD/L), and t is time (days). Figure 3 shows the OU S /TCOD ratio for the WAS and all the PWAS samples tested. From Figure 3 it can be seen that the average biodegradability values ranged from 8.4% to 12.3%. The uncertainty of the ratio for the raw WAS could not be estimated as only a single OU S /TCOD ratio was found to be acceptable. The uncertainty in the estimated biodegradabilities varied considerably between tests and this was attributed to the variability in the respirometric responses between replicate tests. When the variability in the data was accounted for, it was concluded that pretreatment temperature and duration did not significantly alter the aerobic biodegradability.
The rate and extent of anaerobic biodegradability was evaluated using BMP tests. Figure 4 shows the average measured cumulative methane production in the BMP tests. The methane production (mL) was normalized to the initial mass (mg COD) of PWAS that was added to the sealed serum bottle tests. The initial rate of increase in methane concentrations in sealed serum bottles was deemed to be indicative of the rate of anaerobic biodegradability. Comparatively, the ultimate methane yield at the end of a BMP test showed whether or not the biodegradability of the WAS changed for different samples. Donoso-Bravo et al. (3) to cumulative methane production data.
where B was the methane production (mg/gCOD), P was the maximum methane production (mL/gCOD), R m was the maximum methane production rate, λ was lag time (d), and t was the time of the assay (d).
The values of B and P were estimated by nonlinear regression of Equation (3) to the test data. The quality of the fit of the calibrated curves to the data was assessed by examining the R 2 from the regression analysis. The R 2 values ranged from 0.971 to 0.994 indicating a high quality of model fit to the data. Table 1 presents the estimated parameters for each PWAS test. Table 1 shows that the maximum methane production (P) increased substantially with all levels of pretreatment. The P value increased by 26%, 20%, and 17% with 30 min of pretreatment at 125 C, 150 C, and 175 C, respectively. For 50 min of pretreatment, temperatures of 125 C, 150 C, and 175 C resulted in increased methane yields of 36%, 49%, and 44%, respectively. Sapkaite et al. () conducted BMP tests on pretreated WAS for 50 days and reported the maximum methane production increased by 30%, 63%, and 48% for 30 min of pretreatment at temperatures of 130 C, 150 C, and 180 C, respectively. The improvements in methane yields for 50 min of pretreatment at the corresponding temperatures were 45%, 48%, and 55%. The differences in methane yields between the current study and those of Sapkaite et al. () were probably due to the different sludge sources. Sapkaite et al. () used authentic WAS sampled from a municipal WWTP. Comparatively, the current study used WAS that was generated from synthetic wastewater.
By contrast, change in the rates of methane production after pretreatment at the various temperatures for 30 min was statistically insignificant (Table 1) . Comparatively, pretreatment at the various temperatures of pretreatment for 50 min appeared to substantially increase (38-100%) the rate of methane production. This was consistent with the results of Donoso-Bravo et al. () that indicated that pretreatment time appeared to increase the rate of biogas production. Studies reviewed by Bougrier et al. () reported increases in methane production for sludge digested for periods in the range of 5-15 days. This was probably attributed to increases in the rate of methane yield rather than the extent of biodegradability of the pretreated WAS. Li & Noike () showed that the biogas yield increased by 100% for WAS pretreated at 175 C for 60 min and digested for 5 days, which was similar to the improvement in the rate of anaerobic biodegradability observed in this study for 175 C for 50 minutes PWAS. The results from this study were thus comparable with findings in the literature.
The changes in anaerobic biodegradability as determined by the BMP testing were different with the previously described aerobic respirometry results that showed no change in total aerobic biodegradability through pretreatment. The results suggest that a fraction of the WAS COD that was determined to be aerobically nonbiodegradable became anaerobically biodegradable through pretreatment. The subsequently described COD fractionation exercise sought to elucidate the underlying cause of this difference in degradability. 
COD fractionation of pretreated WAS
The BioWin ® process simulator was used to estimate the concentrations of readily and slowly biodegradable COD for each PWAS sample. A process flowsheet was developed in BioWin ® to represent the respirometry tests. The respirometry simulations were implemented by integrating the respirometry vessel into the overall process flowsheet. Employing a dynamic version of BioWin ® with time-actuated valves, the respirometry vessel was filled with the appropriate volumes of each component. Once full, all valves were closed and the dynamic simulation was allowed to proceed, thereby emulating the batch test. A full description of this procedure has been reported by Jo ().
In the flowsheet, nodes representing PWAS and AD WAS were directed to a variable volume reactor, representing the batch respirometry bottles.
The PWAS input node was characterized using the measured TCOD concentrations and calculated endogenous decay fractions previously described. The values of S B and X B of the PWAS were then adjusted until the sum of squares of differences between the predicted and observed OUR responses were minimized. The upper and lower confidence intervals of S B (Figure 7) and X B were estimated as per Motulsky & Christopoulos () . Figure 5 presents, as an example, the observed and predicted OUR exhibited by 125 C for 10 minutes PWAS with an optimized COD fractionation. From Figure 5 it can be seen that the maximum OUR was accurately predicted by the calibrated model. The matching of the OUR response following the peak was found to be somewhat less accurate. The predicted OUR responses were significantly different for growth on S B and hydrolysis of X B , which resulted in a steep decline in OUR after the peak. In the measured response, the decline was more gradual compared to the model prediction. This suggested that in the pretreated sludges, the oxygen uptake for readily biodegradable and slowly biodegradable substrate could not be clearly distinguished. Such fractionation of readily and slowly biodegradable substrate is somewhat simplistic and does not describe the gradation of values that probably falls between the two substrate categories. However, based upon the relatively close match between the measured and predicted responses, the fractionation approach that was employed was deemed to be reasonable.
The estimated concentrations of Z e , S B , and X B in the pretreated sludges that were found to best describe the observed data for each pretreatment condition were normalized to the TCOD concentration to facilitate comparison between pretreatments ( Figure 6 ). Figure 7 presents the corresponding upper and lower bounds of the confidence intervals around the bests fit values. From these figures it can be seen that pretreatment consistently resulted in the conversion of X H in the WAS to S B . The fraction of S B in the WAS was found to be in the range of 18-35%. This conversion would be expected to result in an increase in the rate of aerobic biodegradability of the WAS with pretreatment. There was, however, no consistent trend between the S B /X B fractionation and pretreatment conditions. Figure 6 also presents COD solubilization for each pretreatment condition. It was found that the COD solubilization tended to increase with pretreatment time and temperature. However, the S B fraction did not seem to correspond with the degree of COD solubilization.
The uncertainty in the estimated values seemed to increase with pretreatment temperature and time. It was substantially higher for WAS pretreated at 175 C. The higher uncertainties corresponded to an increasing irregularity of the shapes of the measured OUR curves. This suggests that as the dose (temperature-time) of pretreatment increased, the COD fractionation strategy proposed in this study became less applicable. It appears that either the biodegradation kinetics of the COD fractions may have changed or a new fraction with differing degradation kinetics was created by pretreatment. The BioWin ® model was used to fit the BMP test results to obtain additional characterization of the anaerobic biodegradability of the WAS. A process flowsheet was developed in BioWin ® to represent the BMP tests. The BMP simulations were implemented by integrating BMP serum test vessels into the overall process flowsheet. Similar to the respirometry simulation, a dynamic version of BioWin ® with time-actuated valves was used. The serum test vessel was filled with the appropriate volumes of each component and, once full, all valves were closed. The dynamic simulation was allowed to proceed, thereby emulating the batch BMP test. A full description of this procedure has been reported by Jo () .
In the flowsheet, PWAS and digester inocula were directed to an anaerobic digester, representing the batch BMP tests. Initially, the COD fractions of the various PWAS samples that were estimated from the respirometry analysis were employed as inputs to the modeling exercise. The composition of the inoculum (seed) employed in the BMP tests was determined by modeling the Waterloo WWTP wastewater treatment train and associated anaerobic sludge digester that provided the seed. The accuracy of the estimation of the inoculum composition was assessed by comparing the predictions of methane production with that observed from the BMP tests treating the inoculum alone and was deemed to be acceptable for the purposes of the study.
The BMP test modeling was conducted in two sequential trials. Trial 1 used default kinetic parameters and employed the PWAS as fractionated in the previously described pretreatment BR-AD modeling as an input. In this trial, it was found that the model was able to predict the cumulative methane production for the first 8 days of the BMP test. However, methane production was significantly underestimated by the model for the period beyond the initial digestion period.
In a prior study (Jones et al. ) modeled methane production from WAS in a series of BMP tests found that the measured volume of biogas production from WAS exceeded model prediction by 15% when only aerobically biodegradable COD fractions were assumed to be anaerobically biodegradable in long-term digestion. It was concluded that the higher biogas production in the WAS was due to decay of endogenous products (X E ) in the BMP tests that were not accounted for in the model. A first-order decay process with respect to X E was introduced and a decay constant of 0.0075 d À1 was found to improve the fit of the model to the biogas data. For the current study, it was hypothesized that the endogenous products decay rate would change with the different pretreatment conditions. Hence, in Trial 2, the decay rate of endogenous products was implemented and the decay constant was adjusted until the measured and predicted ultimate methane yields were similar.
The model fits were significantly improved by incorporating the endogenous products decay rate. Figure 8 shows the model's prediction of the cumulative methane production for WAS pretreated at 125 C for 30 min and is typical of the responses observed for other PWAS samples. The ultimate methane yield was predicted accurately and similar improvements in fits were observed for the other PWAS samples.
The calibrated endogenous products decay rates for all pretreatment conditions are shown in Table 2 . The average endogenous products decay rate presented in Table 3 was 0.018 d À1 and the model fit did not significantly deteriorate when modeling was repeated by employing the average endogenous products decay rate of 0.018 d À1 . On the basis of this decay rate it was determined that HPTH pretreatment increased the endogenous products decay rate constant by approximately 58%, indicating that non-biodegradable COD was converted to a biodegradable for COD by HPTH pretreatment.
The fraction of endogenous products that became available for biodegradation (f XE,biodegradable ) was calculated using Equation (4).
in which X E,initial denoted the endogenous products concentration at the beginning of BMP test and X E,final was the endogenous products concentration at the end of BMP test. The fraction of endogenous decay products that became available as substrate ranged from 29% to 52%. Hence, it was apparent that a substantial fraction of the endogenous decay products became bioavailable during anaerobic digestion after pretreatment. Overall, it was concluded that the COD fractionation that was developed based upon the aerobic respirometry was valid. However, it was necessary to implement a first-order decay process that reflected changes in the anaerobic biodegradability of the endogenous products through pretreatment. The integration of these two elements achieved an accurate simulation of the anaerobic biodegradability of HPTH treated WAS. Some prior studies (Ekama et al. ; Nopens et al. ) have assumed that endogenous decays products that are generated under aerobic conditions are also anaerobically inert. However, slow decay of endogenous decay products at long SRTs has been reported under both aerobic (Ramdani et al. ) and anaerobic conditions ( Jones et al. ) . The results obtained in the current study suggest that thermal hydrolysis enhances the decay of endogenous decay products under anaerobic conditions.
CONCLUSIONS
It was determined that both pretreatment temperature and duration were important in solubilizing organic matter in WAS. However, the impact of pretreatment temperature and duration on the WAS COD fractions did not follow a regular pattern. HPTH pretreatment at 125 C, 150 C, and 175 C converted the biodegradable fraction (X H ) of WAS into varying fractions of S B and X B . The COD fractionations as determined through aerobic respirometry test modeling were employed for BMP test modeling and it was concluded that aerobically unbiodegradable endogenous decay products (X E ) were made biodegradable in anaerobic digestion. Overall, it was concluded that the COD fractionation that was developed based upon the aerobic respirometry was valid. However, it was necessary to implement a first-order decay process that reflected changes in the anaerobic biodegradability of the endogenous products through pretreatment. 
